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A B S T R A C T

Scattering calculaticms of norq)hcrical  particles l)ave Im]l carriefl o{lt ill order  to explain

observed optical properties of cometary dust. LfTe focused on two optical I)rol)crtim  of Colnetary

dust sensitive to particle shape: negative Iiuear polarizatio)l  at phase angles < 21° ald the 11.2

ILm silicate emission feature. Tllediscrete di])ole a])~)roxitllatioll  (DDA) method was employed to

compute the scattering matrix for nou-spherical  silicate aud  ahsorbitlg  I)articlcs of size coxnl)arable

to the wavelength.

Silicate particles with a variety of shapes and size parauleter xfq N 2.5, corres~)oll(litlg  to a

linear dimension of 0.5 - 1.0 pnl,  call produce llegativc liucar ~)olarization  at small ~)llasc atglcs,

whereas carbon  particles produce a strong  positive l[laxil[ml[l  of polarizatioll  near phase anglm of

90°. Mixtures  ofsilicate  allcicarbollacec) lls:[laterial, ollascale  slllall  coxtl1)aIecl  to the wavelength,

eliminate the negative polarization ill this size range; however, macroscopic mixtures of silicate

and  carbon  could yield the observed negative linear ~)olarization  at low phase  angles (< 21°) and

a maximum ~)ositive  polarization at ~)llase allglc  of 90°.

llllc~)ositiolloft~le  ll.2~L111  tllerlllal  elllissiol}  ~)cakot~scrved  illco1tlets,  attrit.)lltccl  tc)crystallirlc

olivine, depends strongly on particle sha~)e even for particles much smaller thau the wavelength

aud catl be matched with anisotropic  Mg- rich oliville  for our model tetrahedral or xnoderately

elongated bricks. Spheres and extreme shapes, such as disksor llcedles,  a~)pear to bc ruled out.

Approximately 20% crystallineo  livi!wand  80% (lisorClcrcCl  olivill~reI)rC)  [lllces  ttleot)s~rved  spectra

of comets with com])arable  peaks at 10 atd 11.2 ~~lti, e.g., P/IIalkvy, Ilradfield  1987 XXIX, hl~lrller

l~~~a, C/1990  K1 (Levy 1990 XX) alld C/1995  01  (~Iale  1~01)1)).

O u r  s t u d y  providm  iltl]mrtatlt  rcslllt,s  ati(l  essetltial .gIlidcliues for c}lilr:lctt;rizt~tiotl  of nom

s~)hmical  molmmrs or collstitllt’llt  ~mrticlcs  sclm.tt’(1  for aggrcgatr Il]o(lrls  of col[letary  (Ilwt si[lce



it, is well  kt]owll that tllc scat tming  ~Jro~]crtim of aggregates  dc[jetld 011 tllc scat tcrillg [)rol)crlics of

their  cc]llstitucilt  particles.
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I.  1NTRKIDUCTION

InterIJretatiou  of rclt:otc sensing observations of cometary dust requirm  u[ldcrstatl(litlg  tile light

interaction with small particles, which clepmds  oIl their shape, size,  ald conl~)osition.  l’he  presmlt

study was motivated by two cometary observations that de~)e[lcl  strotlgly  011 [)article sllaI)e:  (i)

negative linear  polarization at small phase angles (< 21° ) at visual wavelengths (I]ollfus et al.

1988, I,~:vassc~lr-Rcgo\lrcl  et al. 1996) and (ii) thermal emission peak at 11.2 pm,  attril)uted  to

the presence of crystalline olivine .graitls  (Hatluer  et al. 1994a,l)  and references therein). These

observations are shown in Figure 1.

Captured interplarletary  dust particles (IDPs)  thought to Im of cometary origin frequently have

aggregate structure comprised of solid grail(s with linear dimensiol] a fcw tenths of a Inicron,

corresponditlg  to a size parameter Xdq = 2- .5 at visual wavelengths (Brownlee  1985). l’he 3-

20~~1[1 tllerlllal  cllergy distrib~ltioll at]cl theprese]lceo  fasilicatce  missiollfeature  indicate that the

optically dominant particles in many comets arc about 1 pm or less in size (Hanner  1983; IIatlner

et al. 1985). The relevant rallge of particle sizes to be investigated in this  study  is thus  0.1 - 1 pin.

Classically, the problem of light scattering catl be solved exactly using Mie theory for s])heres

(van de Hulst  1957). However, spheres itltroduce  resonances in the scattereci  intensity and po-

larization  which are llot present for nomsphcrical  particles and not observed ill comets. Modern

high-speed conlputers  and available nulnerical  codes mean that we arc no longer restricted to

s~)heres,  but are free to model t}~e light interaction with ~)articles  of arl)itrary shape. Collsidcrable

work lM.S t)eell  done modclillg tile scattering ~)rol)crti[w of a~gregate  l)articlcs. IIowever. allllost

all of the aggregates modeled IIave t)ec[l cotnposwt of spherical particles wime sin is slllallcr than

tllc wavclmgthl  essentially ill the Rayleigll  regil[le. S\l(tIa ggrcg:ttt’sL’allllc~t  r(’~)roclllcet  llt’obscrk’ecl

negative linear polarization at low I)hasc  aI~glcs at, visual wavekmgt,lls  (Kmasa et al., 1992,  1993:
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I’erri[l  and Sivan, 1991). West (1991)  and  Zerull et d. (1993)  Ilavc Cl[llllO1lSt)lilt(  !{l t)otll  t~y COIIllJllta-

tions and  latmratmy ltl[:as~lrf:tllf:tlts  that scattering ])ro]mties  of atl aggregate particle are strongly

il~ftuellcccl  hy the scattering properties of its individ[lal  constituent ])articlcs. q’his  inlportant  resldt

lIieans  that the optical pro]mrties  of lloll-spllcrical particles conll)arat)le in size to tllc wavelength

of light, have to be understood before nlodeling  cometary dust as aggregate ])articles.

Thus, the purpose of this paper is to characterize the influence of particle shape, size, I)orosity,

and composition on the scattering properties (polarization and phase function), for moderate size

parameters, X,Q = 2 - 5, comparable to the optically dominant particle size range in cometary

dust. We also investigate the effect of particle Shape on the ] 1.2 pnl  Spedral feature of crystalline

olivine particles with the same linear dimensions as those studied at visual wavelengths. We seek

to answer two questions: Can non-spherical particles of size comparable to the wavelength give rise

to negative polarization at small phase angles (< 210 )‘? Can these particles simultaneously produce

the 11.2 pnl  silicate feature similar to that observed in comets?

This study is a necessary and essential first step toward realistic modclil]g of co]net dust as

aggregates composed of non-spherical monomers having dimensions conll)araMe to the wavelength

of incident radiation.

I I .  M E T H O D

Numerical Method

We chose to eln~)loy  the discrete di~)ole  a])l)roxinlatioll (IIDA) tecll[lique  (Purcell alkd I’t’l~ny-

packer, 1973; Draine,  1988; Goodman ct al., 19!)0). The I)DA method allows an arbitrarily shaped

])article to be represented by an ensemble of N electronlagnetically  interactil]g  di]mles on a lattice

grid. t+k:h dipole radiates a dipole field in res~mnse to tllc itlcidcllt  ratiiatioll  al)d tile radiatm{ fields

of all other di~)oles in tile cllscttll)le.  WC nave lMW1 tile I)l)SCAT  (vcrsioll  la) CO(IC, origillally  tle\Jcl-
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f)l)ecl l)y Draitlc (1988)  m)(l ltloflifie(l  hy Goo(l]tlall  CL al. (1990) to (:l[lI)loy a fast I’buricr tr.a[lsfor[ll

(FF’ll)  algorithm to ]Jerforlrl  tllc cal(:ulatior]s  efli(it’lltly.

The  constraints for the validity of t}ic DDSCA1’  code are: (i) the Iattice  slming d to be small

enough  conlparcd  with the wavehmgth  of light irl the target Irlediu[n, kdlT]Ll  <0.5,  wllcre k is the

wave number and 7n is the complex irldex of rwf[action;  (ii) d Inust t)e small cmough  to describe tlm

target particle shape satisfactorily; arid (iii) Im[ < 2; otherwise error in polarization is too large ir]

the surface nlonolayer of the particle (l)rair  Lc arid Flatau, 1994). The constraints o~i d determine

the number of dipoles required. We defirle  the equiwderk  volulnc size paramekx,  Xcq =: kuc~j where

aeq is the radius of a sphere of equivalcmt volume to the target ~)articlc. The nulnl~er of dipoles

is then equal  to IV == (%) (%+ At our refere[lce wavele]lgth of 0.6 pNl atld size ~)araructer

XC~from2t 05, tllelllll~llJcr  ofclil)oles re(lllirecl  fc)rtlle  ]Jolatizatioll  calclllat iollsrallgcs  frc)trl3OOO

to 40,000. Tests were run with D1)SCA’I’ for spherical particles and coml)arml  with hlie theory

calculations to confirm that the numl)er of dipoles was zrdecluate.  hlernory  size needed for storing

the dipole array  imposes a~)ractical  litnit to tll~  size ~)aralncter that can bestudicd.

The target particle is fixed relative to a coordinate system  orimted on a rectar)gular  grid with

respect to the directim  of the incident  radiatiol~  by the s~wcificatioll  of three rotatioll  angles: 0, /i’

and #. The  angles 6’ and  @ ~msitioll  tlw target  particle  with res[)ect to the direction of tile itlcident

radiation whiletlw third angle, /3, defirm the rotatiorl  of tile target  particle irl its frameofrefermlce.

When the three ar@esareequal  to zero, the tatget frat[le isparallcl  to the lattice frame. Raldom

orif~lltation  of the t a r g e t  i s  acl]ieved  by sa[]l~)li]l~  tile three  angles (0, (~, ~}) o v e r  tile itlterxrals

(0,180), (0,360), (0,360) reslmctively. Whi le  tllc coltl~]llt,ed  atm)r~)tioll  cf[i(ie]lcy  factor, (j,l~,,, is

not very sensitive to the number  of orientations aw’vaged, polarizatiorl  is extremely scllsitive. We

al’erage  over at least 90 orientations irl tllt~  (0, ~j) s~mcc am! at least 70 satul)les in tlm third arq$e,

~), ft)rtlt(lt~ilo  f63()O( Jri[:lltati()l]  sf(Jrsllltlllsi  z('~):lIilrIl[:  t(`rs (<3)  :lll(156c)rit’11t:lt  iO1lsi[l  (0,;;) fo r
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Tahlc  11A lists all 67 cases that, were st(lclie(l. Al l  iliput l)aralllcters  (Iefi[lillg  each case are

l i s t ed ,  followmi  t)y tile calclllatcd  oI)tical  prolmtics  sllcll  as tile various cflicie[lcy factors;  sin-

gle scattering albedo,  mo; the asymmetry factor, g; forward diffraction peak  (1’11 (00)), back

scat ter ing (P11 (1800)) and the cnhameluent  ill the backscatter  direct  iol~, dcfiued as the ratio

P11 ( 180°)/Pl  ) (1500). The following trends are evident from Table 11A for homogeneous particles:

(i) the maximum scattering effkiency  factor (Q,ca) for silicate particles occurs at larger  volume

equivalent size parametmr for the elollgatccl  particles; (ii) the absorption efficiency factor (QQb~)

for carbon particles displays a maximum for a size parameter about 2, for spheres, brick (5:2:1),

and tetrabedra;  (iii) single scattering albeclo increases with size for carbon par~icles,  approaching a

value of 0.5 at XP~ N 5, independent of shape; (iv) asymmetry parameter iucreascs  with  size, as ex-

pected and (v) enhancement in the hackscattcr  direction is evident ill silicate particles of all shapes

aud is reduced in the carbon ])articlcs. lubomogeneity  of the particle int roducecl  as porosity or

heterogeneity changes some of these trends, as indicated in Table II 11. Porosity makes t be ])art icles

more forward diffracting. A 50:50  mixture of silicate: carbon  clecreases  the single scattering albedo

of the particle to a value of 0.5 and sup~msses  the backscatter  enhancement as the heterogeneous

])article becomes dominantly absort)ing.

We interpret the visual polarization, phase function  and silicate thermal emission observed

in comets iu context of our particle models in detail  in the following  sections. III sections A

and B, we investigate the ixlflue[lce  of ~)articlc  slla~w , size and conll)ositiou  oIl Iitlear  l)olarization

((–1001’ 2L)/1’11 )) aud phase function (1’1’  ), where }“’ atld 1’21 arc ekments  of tlw phase  nlatrixl

coml)uted  by the DIISCAI’  algorithm. ‘1’he  silicate etnissioll  feature is discussed ill section C.

A. Polarization

The maiu characteristics of mlwtary Imlarixation  curve are: (i) Iwgative lmlarixation  (N - 2’%)

(J



at low pllasc allglcs  (< 210); (ii) all illvcrsioll  a[lglc or tlcllt,  ral lmi[lt,  (lo, at)ollt 22°; (iii) a slor)c,  h,

of ~ 0,2  YO pm deg a t  t,llc ~wi[lt of itlversi(J1l  alid ( i v )  Illaxirtll]ul  ])olarizatioll  (l’,r,,,  r) Ilear ]Jhas~

angle of 95°; with rmellt  evidence for tlm existmm  of a dichotomy bctwml comets of different

maximuln  I)olarization  (Dollfus  et al., 1988; I,evassc~lr-Itegourcl  et al., 1996).  A colll~)ositc  plot of

tile polarization versus ~)hase  aug-le for rnatly colucts, adapted frolu Levasseur-Regourd  et al. (1996)

is s}lowll  in Figure la.

Homogeneous Compact Particles

The  DDSCAT algorithtn  allows the sclcctioti of several regular particle shapes. of these, wc

selected the following shapes: sphere for a bclichn~ark  Lctwecn DDSCAT  and Mie calculations and

also because it is the basic sha~)c studied by almost all investigators; bI ick represents either an

elongated or a flat ~)late-like ~~articlc with an a~)propriate selection of aspect ratio; cylinder al}d

hcxagcmal  lmisn~ are other examples of elongated particles; cube is an eq~li[liltlcllsiollal  compact

particle, whereas the tetrahedron represents al] ccl~liclitrlcl~siollal  particle with greater surface area

than the c)thcr  shapes for a givctl  size.

Figures (2) - (4) show the develol)mcnt of tllc I)olarization  curves for s~)hcrcs,  bricks and tetra-

hcdra  as the equivalent vo]Llmc size parameter (X.~) illcreascs from ] to ~. ‘1’hc polarization is

essentially that of a Rayleigll scattcrcr for Xc~ < 1.

Sphere. Spheres were studied with tile I) I) SCIY1’ l)rogra[n as our reference sha~)c. ‘1’llc  results were

clleckcd against Mie calculatio~ls  to ellsurc tl]c j)ro[wr  l~mforlt]ance  of tllc algorithtll.  WC iln])ose the

cc)ndition  that the absolute error it) ~)olarizatior)  tw less thall  10%, ~vherc  at)solllte error is (Iefitlecl

as (((pol,~~le - pOITjDA)/(pOIMze) )*lOO). The curves for splwres exhibit various lllaxilua  ald Illinima

expected from the constructive aud destructive interference of light waves with the particle (Figure

2). Silicate spheres cxhit)it large ]legat ivc ~mlarizat  ion for X,,l _>  1.75, I)llt sl[lall Inaxi[lllllll  lmsitive
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]wlarization  (Figllre 2a). Alt,llougll  carlmll slJiIeres  cxllit)it,  nlairlly  ~)ositivc  I)c)liwizati{)ll,  ill cotltrast

to silicate  spheres, there arc soIrle size lmratnet ers (Xcq = 1.5, 5) for wbicll ll[:gativc ~mlarizat,ion

a])lmrs at sl[lall phase  anglm (F’igure 21)).

Brick. Two types of bricks were studied: an ‘(elongated” brick (a) with ratio of princil)al  axes

defined as (5:2:1)  anti a “flat” brick (b) with the ratio of principal axes defined as (5:5:1). Both

silicate and carbon bricks show large positive polarizatiotl  with a broad Inaximum  that shifts ill

~)osition  with size (Figure 3). OZIly for Xe~ = 5 silicate brick does a slllall  negative polarization

appear at small phase angles. In tllc case of tllc elongate.cl  brick (a), Ilo Ilcgative polarization is

evident for both silicate and carbon particles of Xc~ = 2.5, but XeQ = 5 silicate particles display a

negative branch of linear polarization, similar to brick (b) (Figures 6, 7).

Tetrahedron. The strong oscillations obscxwxl in the polarization by sl)heres are much reduced

in the polarization curves for tctrahcdra  (Fi.gum 4). Silicate tetrahedral, with Xeg 2 2.5, dmwlop

a small negative branch of linear polarization at small phase angles, qualitatively similar to the

observecl  cometary dust polarization. Figure (5) S11OWS the onset of negative polarization in the

silicate tetrahedron. As we increase the size ~)aran]cter  from 2 to 2.5, w~e observe that scattering from

a silicate tetrahedral particle develops a negative brallcb  at intermediate pbasc  angle of 600, which

gradually shifts to phase angle of 300. A tetralwdral  particle of size parameter 2.5 corresponds to a

physical dimension of about one micron edge length, which is comparable tc) a typical dimcnsio~l of

grains in captured IDPs.  !i’he carbon tctrahcdro~l  C1OCS  not develop negative polarization llor dots

the ll]axi]nuttl  ~)ositivc  ~)olarizatioll  dccrcase  very ]t]llcll with size.

Figures  6 and 7 compare tlw lmlarization  for various shapes at .I”CQ = 2.5 atld X,(l =: 5. For

Xeq = 2.5 silicate particles ,  several  shalws have s]nal] negative  ])olarizatioll  at 1(NV ~)liase angles.

whereas spheres display large negative Iilmar ~)oliwizatiotl  (Figure 6a). I n  cotltrastl  t]lis twgativc

brallcll of linear Imlarizatiou  is generally  alwcllt  for Xr~ = 2 . 5  carlmll Imti(lcs (Figllrr  61)). 1111(’



follr elotlgatc(l ~mticlcs  (Ijrick  ( a ) ,  Ijrick  (i)), c:<ylillclcr  iLI1(l IIcxagollal  I)risl[l)  Ilitv(! si[[li]at  CIIIWS.

TlIf2 culw exhi})its Iwsolmlces  rcnlirliscellt  of a sl)llrre; it would rmt be a good choice of ]IIolloIIIcr

sl]a~)e for nmdclirg  irreglllar  particles. At .YC~ == 5, silicate lmticlm c)f all slmI)es lmve oscillations

of varying anlplitudes  including  negative ])olarizatioll  at sluall phase angles (Figure 7a). Silicate

t)ricks most closely rcscrnl)le  the cometary dust ])olarization. A l l  carbon  l)artic.les  wit]] Xe~ = 5

exhibit strong positive polarization] w 50 ‘ZO (Figure 7b). This is similar to tllc polarization nleasurcd

for large irregular absorbing ~)articles (X,~ = 20 – 30) I)y Giesc et al. (1978).

In summary, non-spherical, compact or e]ongated  silicate  particles of linear dimension conl-

parablc  to the wavelength tend to have negative polarization at small phase angles (< 21°) and

mocleratc positive j)olarizat  ion at intermediate angles (60 – 120° ), qualit at ivcly similar to colnct ary

dust polarizatiorl  and very different from scattering by spheres of similar size.

Inhornogeneous F’articles

l’orous

In cinder to stucly the effect of porosity CJI] t}lc pc)larizatio~l, we created porous ~~articlm by

random removal of single di~~oles  frol[l the holtloge[lcous  di~)ole  array. We define ~)orosity  as the

ratio of (nulnber  of di~)oles  rellloved)/(total  nuluber  of dij~olm);  the lattice array of dil)oles  is not

changed, but the envelope of the di~)oles  l~ow includes voids.

Figures 8 and 9 illustrate polarixatioll  curves for l~ormls silicate and carbon  spheres a~ld tetra-

hedral  with Xc~ =: 2.5. ‘The i[]troductioll  of ~lorosity ~)roduces  significant changes, I)articularly

fhr ~)llase all.glm less thatl  90°. For tile silicate ~xwt,icles, Ilcgative  l)olarizatioll  is greatly  reduced

(s])heres)  or eliminated (tetratledra).  III carl)oll spheres, porosity actually i]ltroduces  negative po-

larization at 0<60°. In the case of tetrahcclra,  renloval  of dipoles yields a shape different from that

of  t]]~ Origi[la] parti~]c, C’reati  Ug a S1llallcr,  1I1OL’(’  ~ol[l~)a(’t  ~~l~rti(’1~.  ~1(’11(’e,  t]l[~  ]) OkiriZatiOIl (’]laIlgCS



towar(ls ttmt  of a sll~aller  particle (h’igure 4). Tile effm:tive  size ]mralnct(:r of I)orolls ~mticl(:s call

bc col[l~)utcxl  accor(iillg  to ttlc equatiolll  XC,j,J, = XC(I * (1 – p) 1/:], wllet(: p is tile [x)rosity  of tllc

])articlc. Hence, our Imr] porous particles with XdQ == 2.5 have effective size parameters of 2.27,

2.10 and 1.84 for the three ~)orositics  25%, 40y0 al]d 60% respectively.

IIeterogeneous

%me comet particles may be a mixture of silicate aud absorbing material on a small scale

compared to wavelength. To simulate such partickx, we introduce heteropjerleity  into our model

particle by randolnly  replacing a fraction of tl]e clipoles with a different refl active index froln that of

the parent particle. We start with a non-porous, homogeneous silicate sphere  or tetrahedron with

X.~ = 2.5 and gradually rel)lace  random single  dil)oles  by carbon. In this fashion, we gradually

vary the Si:C ratio from a pure silicate particle to a ~)ure carbon particle. TILc resulting l)olarization

curves are plotted in Figure lo.

In a heterogeneous sphere, the lnaiu change occurs at a phase angle < 90°, where the strong

negative l)olarizatiou  is collvertecl to stro~lg  ~msitive  polarizatioll  with at] itlclusioll  of 25C% carbon.

With 40% carbol[  in the particle, tl]e polarization curve reselnbles that of a pure cart)on  sl)here of

the san[e size. A homogeneous, llon-porous  silicate tetrahedron exhibits negative ~)olarizaticm  at

phase angles less than 60° and a positive lnaximuln  of polarization about 25%. The introduction of

a small amount of carbon, about 570, is sufficient  to suppress the negative branch. As the fraction

of carbon increases, two maxima a]qwar  and the ])olarization  is transformed to that of all atmrbing

l)article. It is inll)ortant  to note, Ilowever, that, i[lterlnecliate Si : C ratios, SUCIL  as 75 : 25, l)roduce

~)olarization  curves that do not rescluble either  end ]tlelnlm.

When inhomogeneities  iu a material occur on a scale sluall compared to the wavelength, it may

be ]mssible  to define effective o~)tical  constants for tlw lIlaterial  (Elollr(’11 atltl lIufflm[l,  1983). We
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liave  tested  wlletller  e f fec t ive  ol)tical collstatlts  (ari a(icquatcly  te[)rescllt t llr l)olarizatiol]  l)y ollr

l)omus and lleterogelleous ~)atticles. Wc usefl tllc Ilrltggeltlal] eflectivc Illediu[[l theory to (x)[[i])llte

effective refractive indices (tllmc arc listed it] Table IfI). We co[[l~)arcd the results fror[l IJDSCAT

calculations with those of Mic calculations. Ill all cases, the polarizatioll  closely ltlatchcd  our results

from the porous ami heterogeneous particles (within 5 %). Effective mediutn  theory  does not solve

the problems inherent ill using spheres, but catl ~)rovidc a useful Inethod  of conllJutitlg effective

refractive indices of ~)orous atld/or heterogeneous noll-spllmical  particles.

Comparison with Previous Work.

Mclst previous investigations have been based either on spheres or 011 aggregates composed of

spheres smaller than the wavelength of light. }Iere, we illustrate the ~moblems  associated with

spheres atld aggregates of spheres with a few exatll~)les. Mukai et al. (1987) used Mie theory to

compute the linear  polarization for a particle size distribution measurecl  by the Halley Vega space

probe. They systematically varied the refractive inciex,  fiIldiIlg  a fit to the comet polarization only

for 7~L = 1.39 + 0.0352, very diffcrctlt  froln tllc refractive i[ldices of silicate atld carbo~l particles

that are ktmwll to be present in comets. Their study illustrates that the usc of s~)llercs can lead

to rather different conclusions about  the colll])ositiolls  of the particles, contrary to observations.

T’hey also confirm that itltegratioll  over a broad size distribution of spheres leads to strong  negative

polarization for ty~)ical silicate refractive indicws.

West (1991) clearly de[llollstrated  tllc iI1ll)ortallce  of Inorlolllcr  size in determinin~  tllc [)olariza-

tioll I)y all aggregate particle. II(’ collstructed  two aggregates with tile satlie  cquivalc~lt  volultle.  one

colni)oscd  of 170 spt]erical mollolllers  and OIIe coInposed of 8 spherical Illonolners having a radius

r,,l equal to half the volun(e  eqllivalent,  radius of tile aggregate (Tyl)c II). The Type I aggregates

dis~)lay  I{aylcigll  polarizat  ion. tvilile  tllc ~’.y~)c 11 aggregates dcviat{’  froln I{ayleigll  l)olarization
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W]l[?ll  t}l~ 1110110111(?1  SiZe l)il[atll(!~~r  Xt,t >  1 , cotwiste[lt  with our results. Calculati(Jl~s I)y Kozasa

ct al. ( 1993) indicate that, porous aggregates colu]msed  of Imu porous s])lwrical llmwlucrs iu the

Rayleigh regime produce the charactmistric  Raylcigh Imlarization. West and  Slllith  (1991) con-

cluded  that aggregates composed of Rayleigh spheres could exldaiu  both tlw forward scattering

(property of the aggregate) alldtl~c  lligtllitlear  ~)olarizatioll  (]Jrol)erty  oftllelllolloll  ler) iuTitan’s

haze. Thus, there are applicatiolis  where the use of slJhcrcs is appropriate; in the case of Titarl’s

haze, at least some of the polymers are likely to k composed of spheres (Clarke and  Ferris 1997).

For larger monomers, Giese et al. (1978) concluded frou] their microwave ~neasurements  of various

large and  fluffy aggregates (X,q  N 20 – 30) that optical properties of the aggregates are iuflueuced

by the optical properties of the individual colwtitumt particles. They measured a strong  positive

polarization for their large and fluffy irregular absmbiug  particles simila~  to our model  for large

( Xeq =: 5) carbon  particles.

Iu contrast, the work by Mishchenko (1993) is more comparable to our results. Ile used the

T-matrix method to com~)ute the phase matrix for slla~)e  ciistributions  of sl)heroids with X,~ =

3.4 and 9 and m = 1.5 + 0.02i. As the axial ratio of the spheroids iucreascd,  the polarization

at intermediate phase angles chaugcxl  from negative (characteristic of spheres) to l)ositive, leavi~lg

a negative branch at O - 30° phase. Thus, his results support our conclusiom  for the treuds  iu

polarimtiou  for Ilon-spherical  silicate particles i[~ this sin rauge.

The effect of roughuess  aud porosity ou the phase function  aud polarization was studied by

I’erriu  ald Sivall  (1991)  for silicate aud carlmu  sl)hmes  with size paraumtcrs  less thau 1. 1.43,

aud 1.96. Sphcms  undergo major  clmiges  iu polarizatiotl  as the size paramctm cllaugcs from 1.5

to 2.(I to 2.5 (Fig. 2), with  stlO1lg Ilegativc  ~)o]arizatio[l  dcvcl~~~)illg for lwt]l carl)on  all(]  silicate

s~)llcrcs.  Pcrriu  ami Sivan slmv that, f o r  XC (, = 1.96 ~iirl)Oll ~[)il@l(’S, lmth  rougllums  aud 60’%

[mrt~sity elilllirlate tllc ue~ativc ])t~larizatioll  all(l ~)ro(lll(x”  stro~l~ ~)(witivc I)t)larizatioll.  Ill c(J1ltrast,
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ollt lJorolls  carl)oll Sl)tleres  with X~,~ =2.5  rt!taill  th(!ir negative l)olarizati(Jtl,  ~)robal}ly  (Ilic  t,o tllc

sf)tllewliat,  lilrg(!l size ~)ara[nct(:r.

Xing and HaIIner (1997) have used I) DSCN1’ to invest igatc tile ~)olilrizat  i[)ll for aggregates

composed of spherical and tctrahmtral  nlonoltms  with XCQ = 2.5 and 5, similar to the ]vmticles

studied in our work. Both the sha~)c atld size of the mono[ner and the structure of tile aggregate

influence the polarization. ~’he polarization for their 1O-II1OIIOHW  “ touchi[lg’)  aggregates (~)orosity

60Yo) of carbon or silicate tetrahedral is intermediate between the polarization of the monomer and

that of a single tetrahedron with equivalent volum size parameter equal to that of the aggregate.

A mixture of carbon and silicate aggregates with Inonolncr  size X.9 -2.5 Produces  a Polarization

curve with a small negative l)olarization  branch resellll)lirlg  that of colnets.

B. Phase Function

A secondary observable property of comets is their  phase function. The observed phase function

for comets has the general features of a steep rise from GO to 30° scatteritlg  angle; relatively fiat

response  for interluediatc  augles and an cnlla]m:lnent  ill tllc backscatter  direction  by a factor of 2

(defined as the ratio of tllc briglltllms  at 180° to tl~at  at 1500). (hlillis et al., 1982; Ney  and Merrill,

1976; l~antler and  Ncwburn,  1986; Mecch and Jewitt, 1987).

The  influence of particle shape  on tlie phase function is shown in Figure 11. Shal)e eflects are

manifested in the strength of the forward difl’raction  peak and tlw backscatter  enhalmnlent. A

s~)l~crical particle exlkibits  the well known railltmvs  at internwdiatc  scattering angles (60 - 120° );

l’llc silicate: splwre and culx?  have si[llilar  pimse  functions; botli display struthture at inter[mdiatc

scattcrill,g  angles (60 150° ) and exhit)it enhancement ill tile backscattm  direction (Fi~llre 1 la).

other shapes have featureless, but, steep phase functions at itlternlediatc  scattcri]lg  angles and some

Imksratter  etlha[m:tnent. one sees ill “1’at)lo I [A that tile t)ackscat  t t~r c’lltlall(c\lllc:[lt  Iilor(: (l(NcIly



reselt]l)les that of tile cotrlets  for  size paraltlctcr  X,q = 5 ratiler  tlmll  XC,, =- 2.5. Ill F’igllre  11 l),

carbon  particles dis[)lay  relatively flat phase functions at intermediate scattmitlg  a[@?s  atd, except

for the flat brick (b), do not display t)ackscatt,er  cmhanwumt.

Figures 12 and 13 illustrate the iuflucmce  of l)orosity for particles with an iuitial  volume equiv-

almt size parameter of 2.5. The maitl effects of porosity for both the sphere  aud tetrahedron are

stronger forward scattering aud stec~)er  phase functioll  at scatterir[g  angles less thatl  900 . For a

sphere, the iutroductiou  of porosity actually enhauces  the resonances at scattering angles larger

than 60°, in both silicate aud absorbiug  particles. porosity does not introduce a t)ackscatter  ell-

hanc.ement for thccarbon  tetrahedron. Perrin  and Sivan (1991) fiud that surface roughness  causes

enha!md backscatter  for si]icate spheres, x~q = 1.43, whereas porosity cloes  Ilot. ‘1’heir  rough

or porous carbon  particles with Xe~ := 1.96 have steel)er  phase fuuctions  thm the corresponding

smooth spheres.

The phase  fuuction  for a two-component heterogeneous tetrahedron is shown iu Figure  14.

The change in the shapeof thc~}llasef(l~lctic)l~  is gradual. The hackscatter  enhancemelit  does not

completely disappear uutil  the particle is about 40% carbon, in contrast to the smaller atuouut  (5

- 10 ‘%0) of carbon required to su})press the negative linear  polarization. Giese et al. (1978) found

a slight enhancement iu backscattering  to be typical for rough or fluffy absorbing particles. with

a range of size parameters 20 - 30. Our heterogeneous particle, with 25(% carbon  in the matrix,

displays similar features as the rollgh aucl  fluffy absorbing particles of Giese et al. (1978). The

effect ive refractive irldex of our ~)art iclc is (1.75,0.27), not very different from that, of the large

rollgll  and fluffy absorbiug  particles (1 .65,0 .25). If our heterogenmus  particle was atmut  15 20 ‘XO

~)orous, its refractive index nligllt  be al[llost  the same as Giese et al. (1978) particles.

Therefore, we couclude  that Iloll-spherical ~)r(:(lc)tlliIlal~tly  silicate or “dirty” silicate Iwticles,

i]lclll(iitlg  rough or [mrom  Imrt,i(’les, wittl a (.ll:tl:l(”t(’ristif  di!lle[lsioll  (’<>tlll):lrill)l(’ to tile wmv(’lell~tll
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(If lig}lt catl l~ro(luct!  tlic olwervcxl Imckscattm  enhancei[w[lt  ill coillcts.  Carl)on  ~mrt, iclcs  (Iisl)lay  a

rat  llcr flat, cllrve  ill the lmckscatter  flirectio[l.

Tht! dust in conlets  undoul)teclly  sljalls  a size distrit)llt,ioll  of l)articles and aggregate ~mrticles.

‘h illustrate the sensitivity of the phase function am] polarization to particle size over the size

range we studied, we com~)uted these quantities for particles obeying a power law size distrit~utiorl

f tetrahedral ~)articlm  over ttw range 1 < X,~ <5. We find that aof the form n(u)da  R X~qo, c) I

fairly flat size distribution (n < 0.25) is mwdcd  to generate botb  the negative linear polarization

at phase angles less than 21° and maximum polarization of 40% near 90°. The phase function for

this flat size distribution exhibits a steep rise in the forward direction and a slight enhancement in

the backscattcr  direction (Figure 15).

C. Silicate Emission Feature

A number of comets exhibit an emission feature mar 10 ~~nl attributed to small si]icate particles.

The 10 ~~nl spectra of P/Halley and several other comets display a broad maximum at 9.8 pm and a

narrow’t!r peak at 11.2- 11.3 pnl (Fig. Ii); Hall]mr et d. 1994a,t) and references tllcrcitl).  Tile 11.25

~~nl peak most likely arises from crystalline olivine; the good correspolid(!nce I)etwcm  the comet

spectra and the measured enlissioll  s~)ectrunl  of a crystalline olivine  sample (Stephetls  and Russell

1979) is evident in Fig. lb. ‘Nw 9.8 pm maximum could be due either to alnorphous  or disordered

silicate (Hanner  ct al. 1994a) or to a heterogeneous mixture of crystalline pyroxenes arid hydrated

silicate (Bre,glllall  et al. 1987; Saxl(lfor(l  a~ld Walker 1985). Choxlflrit ic aggregate 11)1’s collt  aitling

glassy silicates s}low spectra sinlilar to the cometary features, lelldi~lg  sul)port  to the atlmrl)hous

silicate interpretation (Bradley ct al. 1992).

Features produced by resonances ill the optical cmlstants,  SIICII  as tl~c olivine peak, are extrenlely

sensitive to particle shape  (Bollrell  and IIuffmall 1 !)83). Fjvcli wiie[l  th(’ particle (Iinlellsions  are Itlucll



less than the waveleugttl, shape  effects are itllportatltl,  a point tlmt lms oftm tm:ll glossed over ill

t,lle l i t e ra tu re .  We haw! illvestigatcd  tllc effect of slla~w on tile olivillc  fcatllre  for [)art,icles  having

~)]lysical  dimensions similar  to the ~)artickx  with XC~ = 2.5 --5 at Wavek!ngth 0.6 J~I1l.

Olivine is an anisotropic  crystal, with cliffcrmt optical constants along the thtwc ~)rinci[)al  axes.

We have used the refractive indices measured ill the 3 orthogonal clircct ions by Steycr (1974) for

a polished sampic  of forstcrite  (&fgzSZOl ). Colnputatiom  were ruu separately for each principal

axis and the resulting Qa~S were averaged to simulate randomly oriented particles. The  thermal

emission from a particle at any wavelength is proportional to the product of the emissivity  and

the Planck  function for the appropriate grain  temperature. Ily Kirchoff’s law, the emissivity  is

equivalent to the absorption efficiency factor, Qab, (I)oht’en and IIuffmau  1983).

SllaJ)e  al~dallisotrol)  icc!ffects  ol~tl~e  absorl)tioll  cfficiel~cy  factor,  Qab,, areillustrated  in Figure

16. Figure  16a depicts the elnissivity  for a sld)erc with X,~ = 0.4 at 9.8 pm.  Twin peaks are

visible at 10.8 and 11.0 IUn, correspol)ding  to E II b and E II a; a smaller ~)[!ak due to E II c occurs

at A < 10 Iim. There is 710 peak at all at 11.2 ILTTL in a single sphere! In contrast, tetrahedral

particles (Fig. 16b) generate H II a and II II bpeaksat  11.2- 11.3pm, leadingto  a strong 11.25

~lm peak in the average, and  a weaker E [1 c peak at 10.0 pm. This spectrum is very similar to the

measured cmissivity  of crystalline forsterite.  As the size ~)arameter is varied from 0.03 to 0.5, the

amplitude of the peak increases and the full width at half maximum decreases; the peak remains at

tlic same wavele@h.  Figure 16c ~)resm~ts  the emissivity  for a brick (axial ratios 5:3:1). IIcre, the

~)eaks lmeak  into 3 com~)onmts. reflecting the cfif~eriug  axial dilllcnsions, but the strougcst  peak is

uear 11.3 /~xII. Eruployitlg the analytical expressions for a disk or needle from Dohrwn and  Huffman

(1983) yielded a peak  at 11.5- 11.6 I!u1. A continllous  distribution of ellipsoids ill th~~ Rayl~:igh

li[tlit (Ilollren  and IIuffman, 19S3) ~)redicts  a ~mak at w 11.411111 (Iial~llcr et al. I!l$la).

T() illlmtigate the effect of ag~rcgate  stru(’tllrc, WW create{! tww- a]ld flv(’- lllotlotllf’r”  aggrt’gatm



co[lsisting o f  sphm!s  or tetralmlra with XC~ = 0.3-( ).4 at 10 ~~ln for tllc 1110110111  (!1’s. Ill t,llc case

of tllc tctrahcdra,,  we created tmtll o~)ctl  (“ fluffy” ) an{l coltllmct  aggregates I)y colltrollil)g  tlm

overlap of the iudiviclual tet rahedra (10% overlap for tlw flufly  aggregates and 33% for the colIl])act

aggregates). A fluffy aggregate is illustrated ill Figure  17. While the basic characteristics of the

uuit particles arc maintained, one sees in Figure  18 that, a weak shoulder at 11.2 p]n dcvelcq)s  for

the aggregates of spheres. Aggregates of tetrahedral monomers exhibit [![llissioll  features similar

to those of the itldividual  mouomcrs  (Figure 19). There arc minor cliffcrcuccx  itl width aud  peak

wavelength between the fluffy aud compact aggregates.

Heuce, generation of a peak mar 11.25 pn] iu crystalline forstcrite  requires non-spherical par-

t iclcs  that are not extremely elongated, and/or aggregates of such part iclcs. Contrary to popular

misconception, shape effects are important cvcm when the particles arc sl[lall coml)arcd  to the

wave]cngt h.

Shape effects are Icss dratnatic  for glassy, or amorphous, silicates. Figure 20 compares the

emission feature for a sphere  and a tetrahedron using the refractive indices for a disordered silicate

with the composition of forsterite  (Kratschtuer  aud Iluflman  1979). The  feature for the tetrahedron

is of comparable strength, but somewhat broader than that of a sphere. Figure  21 sllc)ws tllc effect

of coml)ining varying fractions of crystalline and a~norl)llous tetrahedral palticlcs.  A com~)oncwt of

2070 crystalliuc  particles produces maxima of comparable strmgth at 10 ald 11.25 pin,  similar to

tile coxnet  spectra.

S]IM1l  s i l icate grains also ~)roducc  sl)ectral  feat ~trcs in the 16 - 30 ~1 t~l region. A 16-40 pln

sl)rctru[~l  of comet Hale- Bopl) was obtaillml wit]] the Iufrarecl  Space otmrvator-y  (Figure 4 ill

Crovisier ct al. 1997).  Scveral broad peaks arc present itl the spcwt  rum which correlate with the

~msitiom  of olivinc features i[l lal)orat,ory  spectra; the strolqyst  of these occur at 19.3 all(l  23.7

Ilm. our calculations for a tetrahe(iral  particle of crystalline forstmite  with  .J’,,, = 0.5 at ’20 i~m



are ~Jlottcd  iu Figllre 22. Tile ~wak at, 19.() 19.5 ~ft]l  rti;lt(~ll(;s  that of tfl~ ~oIII(:t,; tfl(’ I)(!ak ilt 2 3 . 4

~~111 iS also silllihr  to the C(JIIl(!taIy f~atlll(;, bllt [)~(lU[’S  at S]i~]ltl~  SllOrt~l  WaVC!l(!llgt,ll.

IV.  CONCLUSIONS

We have used the DDA nwthocl  to conl~)ute  the scattering by particles of various sha~ws,  in

order to interpret two cometary observations that arc sensitive to particle shape: negative liuear

polarization at small phase  angles at visual wavelengths and a peak at 11.2 ~~ln in the thermal

ctnissicm due to crystallilw  oliville.

Our main result is that compact, non-spherical silicate particles with equivalent volume size

parameterXe~  N 2.5 call llavel)c)lalizatiollc  ~l[’vf:stllat  q~lalitatively  resellll)le  tlloscofcc)l[lcts,  with

negative polarizationat  small pha.sc anglesaud  Inaxilnutn  posit ivepolarizatiou w 20(% centered near

90°. Carbon  particles with Xcq = 2.5--  5gc11elallyl  lavestrollgl  )ositive1)olarizatioll.  However, the

polarization is very low at small phase angles, so that a macroscopic mixture of carbon and silicate

partichxin  this size range could yield thcsmall  net Ilegative polarization  ty~)ical of conlets.

Inhomogeneity  illtheforn  lo fporosityancl  lleterogelleolls collll)ositioll  itlfl~lellcebotlltllelleg-

ativc brancb  of polarizatiolI  and the ])hase function. The effect of porosity ill silicate ~)articlcs is

tosuppresst  hencgative  polarizationaml  increase thepositiv  epolarization;  avc!ry ])orous  particle

will resemble a smaller particle, tending toward high positive polarization llear 90°. Even a small

fraction  of carbon  ( ~ 5%)) in the silicate mat[ix  su~)pressrs  the negative polarizatiolL.  Thus, n~ix-

turcs  of silicate and carbonaceous lllaterial  011 a scale small conl~)ared  to tllr wavclctlgtll arc not a

good n~odel for cometary dust.

We found that calculatiol~s  usillg effective refractive itldiccs  colll])uted I)y tllc Ilr{lggc[[lal)  ef-

fective Imdiunl  theory accurately I)redictcd tile ~)olarizat,ioll  and [)llase filllctioli  for o(lr ])oro[ls

and  lwterogmeous  ])articles. H o w e v e r ,  cffectivc  Ilwliulll  tlmry alo[w d(ws Iwt Cirr{llllv{’[lt  tiw
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resollalms i[lherent ill usi[lg  slJhercs.

N o t  only do slJIIcrc!s  cxllibit resonances  Ilot [)r(w>llt  ill tile scatt(:ri[lg  t)y I1oII-s1)1I(:I(w,  I)(It tll(!y

do not cvetl give a qualitatively correct picture of the scattcrillg  by coltl~mct llc)ll-sl)ll(:ri(’:11  partick!s.

This fact is particularly important for studies of aggregate particles. Since tlw polarization ~)roduced

by au aggregate is influenced by the polarization properties of the constitue[lt  InonoIIwrs,  aggregates

mmposedofspheres  will not generate polarizatioIl  typical of aggregates conlposedof  non- s])herical

particles. l?urthermore,  monomers much smaller than t]m waveleI@h  will give rise to Rayleigh

polarization, regardless oft he dimensions of t he aggregate, unk!ss t he aggregate has a very compact,

non-porous structure.

We examined the 11.2 pm emission feature of crystalline olivine for several particle shapes,

including small aggregates, using particles with physical dimensions sitnilar  to the particles studied

at visual wavelengths (X~q N O.s at 9.8 I~ul). Our results clearly illustrate how particle shape

governs the wavelength of an emission feature mar a resonance iu the optical col)stants,  even when

the particle dirneusicms  are small compared to tile wavelength. The peak near 11.2 pn~ in naturally

occurring forsterite  (114g2Si04  ) measured in the laboratory and the 11.2 jinl peak scell  in comets

can be matched with shapes such as tetrahmlra  or moderately elongated bricks. Ext rel[le shapes,

such as disks or needles, ap~mar to be ruled out. Spheres produce twin peaks at 10.8 and 11.0 pm;

there is no peak at all near 11.2 j~n]. l’herefmc,  spheres are not approlwiatc  to use for modeling the

11.2 pln emission peak  in comets, a fact which }Ias Ilot always tmm acknowledged in the literature.

S1nall aggregates of s])herm or tctratledra extliljit eI1lissioll features similar to tllosc of tile sillgle

constituent particles. The recc[lt ly observed 19 all(l  23 ~~ln feat urtw in the spcctru[n  of coltlet  Hale-

DopI) can also be matched with the calclllated  s~wctra of tctrahcdra, usin:  refractive illdices  of

forsterite.

S1mlx: effects  })lay otlly a Illi[lor  rol{’ ill tli(’ el[lissiot)  f(’atllrc  l)r~xlll(”t’(1  I)y a[llor~)llolls  or ~lassy



silicate particles. A corllIx]tlerlt  of 20 % ctystalli[~c  t)livir~e  Imrticles a])d 8(1 % (Iisovfh:ml  {)livillc

~)mduce maxi[na  of coltl])aral)le  stmllgtll  at 10 atld 11.2 ~~1[1,  sitllilar to t llc Sl)ect ~ii of I’/IIall(:y  atld

sc!veral  other Colu(!ts.

Thus, non-spherical silicate particles of size cmnpatat)le  to the wavelength or aggregates of such

particles can generate both the negative lillear polarization seen at small  phase angles ill cornets

auct the silicate eulission feature scell in the 10 ~~m sl)ectra  of colnets.

We have illustrated at) approach to determining the o])tical  properties of non-s~)herical  ~)articles

of size comparable to the wavelength. We also provide a framework to moclel  porosity and hetero-

geneity in particles. Some basic scattering parameters have been tabulat(!d  for each case studied,

in addition to our discussion of the polarization properties. Other  work that follows naturally froul

our study is

Haumw 1997

the influence of mommcr properties on the scattering by a!) aggregate (Xiug and

Our results are widely applicable to cases where the particle size is comparable to

the wavelength, such as the Shoemaker-I,evy  9 det)ris in Jupiter’s atmosplme  aud  clusty planetary

ritlgs.
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F I G U R E  C A P T I O N S

F i g u r e  1 .  ( a ) .  Conlpositc  polarizat ioll curve  vs. ~)hasc  al@! froul nm]y  collwtaty  otxser-

vat ions, (Levasseur-Regourd et al., 1996). (b). Thermal emission of comets Mueller (open

circles) (Hanner  et al., 1994b)  and IIallcy (solid li]m) (Carnpins  and Ryatl, 1989), compared

with the enlission for crystalline olivine (filled circles) (Stephens and Russell 1979).

Figure 2. Polarization curves vs. phase angle for spheres, X,Q = 1 – 5. (a). Silicate (b) .

Carbon

Figure 3. Polarization curves vs. phase angle for brick, having an as~)ect ratio of its principal

axes (5:5:1),  Xe~ = 1 – 5. (a). Silicate (b). Carbon

Figure 4. Polarization vs. ]Jlasc  angle for tetrahedral, Xeq == 1 – 5. (a). silicate  (b). ~ar~)oll

Figure 5. A negative branch of polarizat ion first appears in a silicate tet rahwlron  at intennc-

diate phase angles and nloves  to smaller I)llase  ang]es as X,q is increased frortl 2 tO 2.5.

Figure 6. Polarization vs. phase angle for six different ~)article  shapes, all having X,q  = 2.5.

(a). Silicate particles exhibit negative linear ~)olarization  at low phase  angles. (b). Carbon

cylinder and hc!xagonal  prisln display negative branch of lixlear ~)olarization.

Figure 7. F’olarization  vs. phase angle for the six particles as in Fig. (6), hut  for X,~ = 5.

(a). Silicate (b). Carbon

Figure 8. Effect  of porosity c)tl tllc polarization curves of s~)}lt’rcs  lmvillg initial .Ycq = 2.5.

(a). Silicate (b). Carbon

Figure 9. Effect of porosity on the polarization curves  of tctrahedra having initial X,,, = 2.5.

(a). Silicate: tmgat ive linear polarixat  io~l is sul)]m’ssrd as ]Jorosit  y is il[(rease(l (b). Cart)oll



tctratlcxlroll dislJlays  110 llcgative I)olarimtio[l  atl{l  tlollc  is intro(lucc(l as [Jorosity  is illcrease(l.

Figure 10. Polarization vs. phase angle for silicate : cartmn mixture with XC,, = 2.5. Negative

linear polarization decreases with increasitlg  carl)o[l  content. (a). Sphere (b). Tctralleclroll

Figure 11. Phase function vs. scattering angk; as function of shape. (a). Silicate I)articlcs

with Xeq = 2.5. (b). Similar curves for carlml particles.

Figure 12. Effect of porosity on phase function vs. scattering angle for initial X,q = 2.5. (a).

Pcmous  silicate sphere. (b). Porous carbon sphere

Figure 13. Corresponding phase functio]ls for porous tetrahedral.

Figure 14. Phase fut~ctioll vs. scattering angle for heterogeneous tetrahedron at X,q  = 2.5.

Figure 15. (a). Polarization for power law size distributions of tetraheclra,  n(a) N a- ‘J.

An exponent between O and 0.25 yields  small negative linear polarization at lC)W phase angles

and moderate positive polarization, similar to the observed polarization in comets. (b) Phase

functiol] corres~~oncling to the ljower  law sim clistributiolw  in (a).

Figure 16. The silicate feature ill the thcxmal  emission spectrum of a crystalline forsterite

particle. Since forsterite is anisotropic, Q~~, corresponding to each of the three principal axes

is shown:  (a). sphere, X~q = 0.4 at A == 9.5 i~m; (b). tetrahedron, X~g = 0.3 at A = 9.6 pm

aud (c): brick with aspect ratio 5:3:1, X,q == 0.3 at A == 9.6 pm.

Figure 17. .4 ~risualization of a fluffy  ag~;regate com])ose(l  of five tetrahedral nlolloll]ms.  q’tle

ill(lividlial  dipoles are depicted as sl)heres;  tile mvelope  of each monomer is a tetrahedron; tllc

overall envelope of tile aggregate is randoln, with size atld porosity varying as a functioxl of

orie]ltat  ion.

Figure 18. Tile silicate feat Ilre in an aggregate CO[ll])OSNI  of five s])hcrical  lliollolllers  exllil)it,s



twin peaks  at 10.8 ptn and 11.0 pm atld two stlmll,  disti[wt  shoulders at 10.5 Ilttl  ati(l  11.2 pin.

Figure 19. Silicate feature ill aggregates of 2 ald 5 tetrahe(lra. Qc~,, is averaged over the

three orthogonal com~)oneuts.

Figure 20. Absorption efficiency vs. wavclcngtb for disordered olivilLe  sphere  (filled circles),

disordered olivine tetrahedron (dianlonds)  and crystalline olivine tetrahedron (asterisks).

Figure 21. Absorption efficiency us. wavelength for a disordered olivine tetrahedron (dia-

rncmcls) and varying fraction of crystalline olivine.

Figure 22. Absorption efficiency vs. wavelength fronl  18 to 24 prn for a crystalline forsterite

tetrahedron, with effectiv<! radius a = 1.51 ~ml (asterisks) and u = 0.477 pnl  (dialnonds).  The

peaks c]ose]y  match those seen itl colnet ~]alc-~]opp (Crovisicr  et al. 1997).



Table IA
_Matrix of Cases_ Studied

L’lononler Bq. Vol. Size Pri[Icipal  Axes Nlo]lomer
Shape Paranieter&Yxq)  Aspect Ratio Conlposition*

‘Sphere 0.5- 5.0 1:1:1 s, c, p, h

Brick (a) 2.5, 5.0 5:2:1 s, c
Brick (b) 0.5- 5.0 5:5:1 s, c, p, h
Cube 2.5, 5.0 1:1:1 s, c
Cylinder 2.5, 5.0 1:3 s, c
Hexagon 2.5, 5.0 1:3 s, c
Tetrahedron 0.5- 5.0 1:1:1 S, C, p, h

=&c,p,h) stand for silicate, carbon, porous arid heterogeneous.

Effectiv
‘Particle n ~, ?l~

Composition
silicate 1.65, 0.00
Porous silicate
o % 1.65,  0.00
25 % 1.48, 0.00
40 % 1.38, 0.00
60 % 1.25, 0.00
Porous cavbon
o %
25 %
40 %
60 %.—

.88, 0.71

.65, 0.53

.51, 0.41

.34, 0.24_— --—

Table 113
&efractive  Iudices
P a r t i c l e  - - – - — – —  - - - - - -  

71,, ?li

Composition
carbon 1.88, 0.71
Heterogeneous, Si:c
100:00 1.65, 0.00
95:05 1.66, 0.03
90:10 1.68, 0.07
75:25 1.72, 0.17
60:40 1.75,0.27
40:60 1.79, 0.42
25:75 1.82, 0.52
10:90 1.86, 0.63
00:100 1.88, 0.71



Table 11A
Optical Properties of lIomogeneous  Particles



_——  ——— ——. .— . ..— .—. . . ..— — .— .
.:(.,, ---- -----T-~rT (0) lq~~fiy-TT(iQ;[)/  1“ 1 ( 1 J())Stlil[ )(’ [)i[,c,l(s &(, Q,l,,l _ ~f) _

Siliwk
Sp}lt-m 1 .()

1.5
1.75
2.()
2.5
3.()
5.0

Brick a 2.5
5.0

Brick b 1.0
1.5
2.0
2.5
3.0
5.0

c u b e 2.5
5.0

Cylinder 2.5
5.0

Hcxag;on 2.5
5.0

Tetrahedron 1.0
1.5
2.0
2.05
2.10
2.15
2.20
2.25
2.50
3.0
5.0

Carbon
Sphere 1.0

1.5
1.75
2.0
2.5
3.0
5.0

Brick a 2.5
5.0

Brick b 1.0
1.5
2.0
2.5
3.0
5.0

Cul)c 2.5
5.0

Cylilltler 2.5
5.0

Hexagon 2.5
5.0

letrahwlrO[l 1.0
1.5
2.()
Z,FJ(
3.()
5.()

4224
4224
4224
4224
4224
4224

33,.552
3332

21632
5400
5400
5400
3125
5400

43,200
3375

64,000
2430

20,916
1792

43,000
3172
3172
3850
2578
2578
2578
2578
2578
3850
385(I

20,688

4224
422-I
4224
4224
4224
4224

33,552
2730

21632
5400
5-100
5400
5400
5-1oo

43,200
4913

64,000
3920

38,80S
2112

43,008
317’2
3172
3172
3850
3850

2.; ,.1.1,S

0.36 0.00 1.00 ().21
1.3-1 0.00 1.00 0.54
2.31 0.00 1.00 ().6()
2.77 0.00 1.00 0.57
4.()!3 0 . 0 0 1.00 0.68
4.07 0.00 1.00 O.(M
2.39 0.00 1.00 0.48
3.29 0.00 1.00 0.70
4.82 0.00 1.00 0.76
0.33 0.00 1.00 0.29
1.18 0.00 1.00 0.49
2.20 0.00 1.00 0.63
3.14 0.00 1.00 0.70
3.74 0.00 1.00 0.75
4.57 0.00 1.00 0.79
3.90 0.00 1.00 0.68
2.59 0.00 1.00 0.47
3.53 0.00 1.00 0.69
4.67 0.00 1.00 0.74
3.41 0.00 1.00 0.72
3.95 0.00 1.00 0.61
0.36 0 . 0 0 1.00 0.22
1.24 0.00 1.00 0.50
2.62 0.00 1.00 0.61
2.71 0.00 1.00 0.61
2.78 0.00 1.00 0.61
2.86 0 . 0 0 1.00 0.62
2.94 0.00 1.00 0.63
3.03 0.00 1.00 0.64
3.65 0.00 1.00 0.68
4.11 0.00 1.00 0.67
3.22 0.00 1.00 0.52

0.70 1.43 0.33 0.24
1.21 1.62 0.43 0.50
1.30 1.65 0.44 0.60
1.36 1.66 0.45 0.66
1.35 1.59 ().46 0.72
1.33 1.53 0.46 0.76
1.30 1.33 0.49 0.82
1.65 1.86 0.47 0.72
1.76 1.71 0.5-1 0.81
().63 1.56 0.29 0.32
1.17 1.77 0.’10 0.53
1.55 1.91 0.45 0.65
1.78 1.97 0.-17 0.72
1.91 1.97 0.49 0.77
2.10 1.s5 ().53 0.83
1.38 1.65 ().45 0 . 7 2
1 .3s 1.43 0.-19 0.81
1.61 1.82 ().47 0.71
1.48 1.52 ().49 0 .82
1.67 1 .s9 0.-!7 0.71
1.48 1.52 0.-19 ().82
().78 1.55 0.30 0.’26

.17 1.79 ().-1() 0.54

.38 1.s4 ().-13 0.66
,41 1 .so 0.41 0.72
.17 1.77 ().1,$ ().76
.57 1.63 ().-1!) (1.s2—

2.30
3.88
4.40
4.87
8.13
9.79

18.76
9.60

33.76
2.84
4.53
7.16

10.29
14.52
39.21

7.98
17.66
9.13

31.36
9.97

26.55
2.42
4.03
5.60
5.79
6.00
6.25
6.53
6.84
8.46

10.35
19.79

2.42
4.01
5.30
6.73
9.8f.i

13.59
31.18
12.07
41.93

2.97
5.39
8.90

13.26
18.56
46.66
10.26
34.04
11.73
36.66
12.30
36.77

2.57
-1,59
~.6~

11.28
15.70
3s.3?5

().8-1
0.10
().08
().21
0.09
().32
1.83
0.10
0.22
0.61
0.2!3
0.17
0.18
0.09
0.21
0.09
0.72
0.14
0.24
0.07
0.38
0.80
0.23
0.20
0.20
0.20
0.20
0.19
0.18
0.15
0.17
0.2?1

0.7’4
0.10
0.03
0.14
0.15
0.08
0.07
0.12
0.07
0..51
0.31
0.22
0.20
0.19
().05
0.1-1
().01
0.09
().16
0.10
0.15
().69
().13
0.17
().12
().11
().()!)

1.08
1.02
1.51
1.28
1.26
1.38
2.75
1.04
2.27
0.22
1.03
1.25
1.53
1.15
1.82
1.02
1.25
1.21
1.79
1.22
2.11
1.07
1.03
1.23
1.24
1.25
1.27
1.29
1.31
1.51
1.43
1.14

1.07
0.72
0.63
1.43
0.97
0.92
0.65
0.98
0.69
1.01
1.06
1.14
1.47
1.67
0.72
0.89
0.1’2
().86
1.36
0.90
1,28
1.05
0.88
1.10
().87
().9()
().93



Table IIB
Optical Properties of IIeterogeneous  Particles; X,q = 2.5



Sphere

Tetrahedron

Carbon
Sphere

Tetrahedron

2-coritpo7tent

Sphere

Tlxrallcclrml

Po70sity

o
25
40
60

0
25
40
Go

o
25
40
60

0
25
40
60

Si:C

100:00
95:05
90:10
75:25
60:40
40:60
25:75
10:90
05:95

00:100

100:00
95:05
90:10
75:25
60:40
40:60
25:75
10:90
05:95

00:100

3695 4.09 0.00 1.00 0.68
2 7 5 8  3 . 5 0  0 . 0 0 1.00 0.74
22&1 3.06 0.00 1.00 0.77
1455 2.26 0.00 1.00 0.82

3850 3.65 0.00 1.00 0.68
2 8 8 2  3 . 1 3  0 . 0 0 1.00 0.74
2315 2.72 0.00 1.00 0.77
1567 2.10 0.00 1.00 0.80

3716 2 . 9 5 1.59 0.46 0.72
2758 3.44 1.85 0.46 0.77
2264 3.73 2.00 0.4ti 0.80
1455 4.24 2.2.5 0.47 0.84

3850 3.24 1.80 0.44 0.72
2882 3.66 2.03 0.80 0.44
2315 3.95 2.17 0.82 0.45
1567 4.24 2.33 0.82 0.45

3695 4.09 0.00 1 . 0 0  0.68
3716 3.57 0.4’2 0.89 0.70
3716 3.13 0.74 0.81 0.72
3716 2.30 1.22 0.65 0.73
3716 1.87 1.43 0.57 0.73
3716 1.58 1.54 0.50 0.73
3716 1.44 1.58 0.48 0.73
3716 1.37 1.59 0.46 0.73
3716 1.37 1.59 0.46 0 . 7 2
3716 1 . 3 6 1.59 0.46 0.72

3850
3850
3850
3s50
3850
3&50
3s50
3s50
3s50
3s30

3.&5 0.00 1 . 0 0  0.68
3.29 0.39 0.89 0.70
3.00 0.68 0.81 0.70
2.27 1.27 0.64 0 . 7 2
1.92 1.51 0 . 5 6  0.73
1.62 1.69 0.49 0.73
1.5’2 1.75 ().46 0 . 7 3
1.45 1.79 ().4.5 ().72
1.44 1.80 ().-15  ().72
1 .4k 1.80 () .44 0.72

8.13
9.25

10.10
12.72

8.46
9.88

11.16
13.53

9.89
11.53
12.60
15.13

11.28
12.92
14.13
16.46

8.13
8.23
8.43
8.82
9.22
9.61
9.80
9.89
9.89
9.89

8.46
8.7’3
9.01
9.71

10.02
10.77
11.(N
11.21
11.27
11.2s

0.0!3
0.08
0.07
0.06

0.15
0.11
0.08
0.07

0.15
0.04
0.03
0.54

0.12
0.08
0.07
0.05

0.09
0.04
0.01
0.02
0.06
0.11
0.13
0.14
0.1s
0.1.5

0.15
0.12
0.11
0.0s
0.08
0.09
0.10
(). 11
(). 11
().12.— .—

1.25
0.64
1.78
2.73

1.51
1.39
1.30
1.15

0.96
0.58
0.59
1.69

0.87
0.90
0.97
0.99

1.25
0.89
0.32
0.47
0.85
1.02
1.02
0.99
0.98
0.96

1.51
1.46
1.4’2
1.15
0.9!)
0.9-1
0.89
().s9
0.8s
0.87
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